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Antennas & Propagation (1)

Antennas and propagation play akey role in the performance of communication, radar and
electronic warfare systems. Antennas serve as transitions from guided wave structures to
free space.

Example of afree-space communication channel:

IONOSPHERE

TROPOSPHERE

TRANSMITTER RECEIVER "\ EARTH
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Antennas & Propagation (2)

Example of a monostatic radar:

Topics of interest: general EM wave propagation
transmission lines
antennas
propagation
system issues involving antennas & propagation
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Electromagnetic Fields and Waves (1)

Electrical properties of a medium are specified by its constitutive parameters:
. permeability, = ngm, (for free space, m® m, = 4p "~ 10°" H/m)
. permittivity, e =eze, (for free space, e © e, =885 10" F/m)
. conductivity, s (for ametal, s ~10’ Sm)

Electric and magnetic field intensities are E(x,y, z,t) V/mand H(x,y,z,t) A/m
. they are vector functions space and time, e.g., in cartesian coordinates

E(X,Y,zt) = XEx (X, Y, Z,t) + YE (X, Y, Z,t) + ZE,(X, Y, Z,)

- similar expressions for other coordinates systems
- fields arise from currents J and charges r,, on the source (J isthe volume

current density in A/m? and ry isvolume charge density in C/m3)
Electromagnetic fields are completely described by Maxwell’ s equations:

()R’ E:-m% (3)RixA =0

(2) N’ I:I:j+e11TT—|:£ (AHNE=r,/e
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Electromagnetic Fields and Waves (2)

Most sources of electromagnetic fields have a sinusoidal variation in time (time-harmonic
sources). All of the field quantities associated with the sources will have the same
sinusoidal time variation. Therefore, we suppress the time dependence for convenience,
and work with atime independent quantity called a phasor. The two are related by

E(zt) = AlE(2)e™}

. E(2) isthe phasor representation; E(zt) is the instantaneous quantity
. A{3} istherea operator (i.e., “take thereal part of”)
. J = ﬁ
Since the time dependence varies as e/t the time derivativesin Maxwell’s eguations
can bereplaced by 7/t ° jw in the time-harmonic case:
(MN"  E=-jwnH () N:H=0
2N " H=J+jweE (QNxE=r,/e

Any fields or waves that exist in aparticular region of space must satisfy Maxwell’s
equations and the appropriate boundary conditions.
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Derivation of the Wave Equation (1)

The wave equation in a source free region of space (J =0, r,, = 0) isderived by taking the
curl of Maxwell’ s first equation:

N’ (N’ E)zN' ¢- m;—z m—

where it is assumed that the medium istimeinvariant (nm and e not time dependent). Now
use the vector identity

=r,=0
to obtain
~ 2= 1°E 2 1°E
-N“E=-ne—— b NE-me—=0
12 7 t2
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Derivation of the Wave Equation (2)

The subscript “c” denotes the possibility of acomplex quantity: e, =e(- jeCand
N, = n( jn« Theimaginary terms are nonzero if the medium islossy. Also, we have
defined

g°a+jb=jke = jwme;
where a = attenuation constant (Np/m) and b =2p /I = phase constant (rad/m). Infree
space, which is alossless medium, the subscripts “0” are often used

€. =€,,M =M, b a=0,b=w/e,m

Frequently Kisused in place of b when the medium islossless and unbounded. Thereisa
similar wave equation that can be derived for the magnetic field intensity

N%H - g?H =0
The ssimplest solutions to the wave equations are plane waves. An example of aplane
wave propagating in the zdirection is:

E(z) =%E,e ¥
In general, E, isacomplex constant that depends on the strength of the source and its
distance from the observer at z.
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Derivation of the Wave Equation (3)

The instantaneous value of the electric field is

E(zt) =A{E(2e" }= RE e ¥ cos(wt - b2)
Time snapshots of the field are shown below

. Wwave propagates in the +z direction

Exa ’ | y . | = wavelength
ot l l DIRECTION OF + W= 2p f (rad/sec)
PROPAGATION u p
b — . f :I—: frequency (Hz)
z S W 1 .
> - phase velocity isu, =—=—— (in
> P Yy 1S Uy 0 \/ﬁ (
free space u, = ¢=2.998" 10° m/s)
x polarized (direction of the electric
" Bol field vector is X)

. maximum amplitude of the waveis E,
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Derivation of the Wave Equation (4)

The magnetic field vector is obtained from Maxwell’ sfirst equation N” E = - jwnH

NPE R (see ™) j 1
- jwm - jwm we [z

T SN o _ib
Ee P2}y =9—E e IP?
(o )y yweo

%K_J
OHO

. . . E
The intrinsic impedance of the medium ish © W—m:ﬁ:H—O. Plane waves are
€ 0

transverse electromagnetic (TEM)
waves, and obey the ssimple relationship

—

H :% where K is aunit vector in

the direction of propagation (2 inthis
case). Thevectors (k,E,H ) are
mutually orthogonal and form aright-

PROPAGATION |
handed system. DIRECTION
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Plane Wave Amplitude

Snapshot of a plane wave propagating in the +y direction E(y,t) = 2E, cos(wt - by) at
timet=0

ametic fiekl strangth
{=J
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Poynting's Theorem

Poynting’ s theorem is a statement of conservation of energy. For avolume of space, V,
bounded by a closed surface, S and filled with amedium (s ,n,e)

HEF).ds =- 3 flee s inH2hv- pE2dv
S ﬂtV ° ° Vv

POWERFLOWING POWERSTOREDIN THE  POWER
THROUGH S FIELDSINSIDE OFS LOSSIN S

The quantity W =E~ H (W/m?) is known as the Poynting vector. The instantaneous
value of the Poynting vector is

W(x,y,zt)=E(x,y,zt)" H(X YV, z1) :A{E(x, Y, z)eth}’ A{I:I(x, Y, z)eth}

and the time-averaged Poynting vector is

.
W, = % V(X y,zt)dt = %A{E(X, y,2)" H(xY, Z)*}
0

The time-averaged value can be found directly from the phasor fields quantities.

10
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Debye Modd (1)

The Debye model has been used to predict the interaction of EM waves with materials

since about 1910. Molecules are represented by positive and negative charge centers.
ELECTRON
CLOUD (-) NUCLEUS (+)

THE CHARGE CENTERS ARE COINCIDENT
IN THE ABSENCE OF AN EXTERNAL FIELD

The response of amolecule to an external electric field is expressed in terms of a
polarization, P(t)

|5 =C Eed
ELECTRON -
CLOUD NUCLEUS (+)
CHARGE
CENTER (-)
> Eoq

Thisisthe simplest form of adipole: two equal and opposite charges that are dightly
displaced. The separation that arises due to the external field is referred to as the
electronic polarization and the quantity C isthe susceptibility.

11
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Debye Modd (2)

It takes a finite amount of time for the molecules to respond to an applied external field.
Theresponseis of the form

Pt)= Py e

C (0) Eeqt

0 15

where 1 istherelaxation constant (about 1 second).

Assumptions are that all dipoles are identical, independent, and all relaxation times are the
same. Infact, dipoles are spatially and temporally coupled, relaxation times vary, and
other types of polarization exist. The Debye model is never seen in real materials, but it
can be approached for single particle non-interacting systems such as gases.

Other types of polarization:
lonic: mutual displacement of the charge centers (1
Orientational: rotation of the molecules (10 1 second)

0" 13 second)

Media have afar more complex EM relaxation behavior than previoudly realized. A new
theory (Dissado-Hill) takes all of these factors into account.

12
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Permittivity of a Dielectric With Loss

Example of a material with resonances in the millimeter wave frequency region
Complex dielectric constant: e, =e(- je«
Below millimeter wave frequencies, e(3 1 and approximately constant and e» 0

FUNCTIONS

DIELECTRIC

I

Eoa

DEBYE
___ RELAXATION

T,

VIBRATIONAL

ELECTROMIC

Em-""‘"'i

LOG FREQUEMNCY

INFRARED

MICROWAVE ULTRAVIOLET

(From Bohren and Huffman, Absor ption and Scattering of
Light by Small Particles)

Phase velocity (et isthered
part)

u —

1
P /et

High frequencies travel faster than
low frequencies

W
b

13
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Propagation in Lossy Media (1)

As waves propagate through alossy medium, energy is extracted from the wave and
absorbed by the medium. There are three general sources of |oss;

1. ohmic loss, which is due to the collision of free chargesin a conductor, and is
accounted for by afinite conductivity, s <¥ (s =¥ isaperfect electric
conductor, PEC)

2. dielectric loss, due to polarization of molecules caused by an external electric field,
and it is accounted for in the imaginary part of e

3. magnetic loss, due to magnetization of the molecules caused by an external
magnetic field, and it is accounted for in the imaginary part of n.

Most materials are non-magnetic (1 = ) and therefore magnetic losses can be neglected.

For all other materials, either ohmic loss or dielectric loss dominates. For an imperfect
conductor, an equivalent complex dielectric constant can be derived by introducing the

conduction current into Maxwell’ s second equation
N” H=J+SE+ jweE
=J+ ]Wg% + S——E
e [Wg
%/_)
€c

14
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Propagation in Lossy Media (2)

The attenuation constant determines the rate of decay of the wave. General formulas for
the attenuation and phase constants of a conductor are:

L & 5 il 2 ..1/2
azwl'%: 1+§5—9 1% b W,mee\/l+ > Y +1,
T g we g Hb we g
For lossessmedias =0pb a =0. e
Traditionally, for lossless cases, k is 2 ﬁ
used rather than b . For good o 4]
Z
conductors (s /we>>1),a » ./p mfs , E,J)éo-z-
and the wave decays rapidly with ol
distance into the material. A sample T |
plot of field vs. distance is shown. 2,
O
(To apply the formulas to a dielectic E B LA S R SN S
with losses, substitutee ® etand DEPTH INTO MATERIAL (m)

s /w® et)

15
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Surface Current and Resistivity (1)

For good conductors the current is concentrated near the surface. The current can be
approximated by an infinitely thin current sheet, with surface current density, J. A/m and

surface charge density, r ¢ C/m?

Current in agood conductor Surface current approximation
i BOUNDARY k BOUNDARY
— = j >
— S

_»
At an interface between two media the boundary conditions must be satisfied:

Dhn (B-B)=0 @ (B- B)=rsle

(2)fipy " (Hy- Hp)=J¢ (4)fipXHy- Hp)=0

REGION 1 * N>q js [

> INTERFACE

REGION 2
16



Naval Postgraduate School Antennas & Propagation Distance Learning

Surface Current and Resistivity (2)

Thefield in agood conductor is significant only within the first skin depth from the
surface. The skin depth isthe distance into the material at which the amplitude has
decayed by afactor of 1/e.

|

I

SMALL RECTANGULAR
BRICK AT THE SURFACE

\f4

The resistance of theblock is R = iA = ti . Where A isthe cross sectional areatransverse
S stw

to the direction of current flow. If we choose a square of surface area, / =w, and the
thickness a skin depth d., then the result is the surface resistivity, which is defined as

1
RS_sdc

~

. It has units of “ohms per square” (W/0)

17
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Surface Current and Resistivity (3)

For a plane wave normally incident on a metal surface, the time-averaged power density
in the material is

L 2
It isassumed that E, isreal for convenience. For agood conductor theintrinsic
impedance is approximately

B N R 2 (] 2 R 5 2
Wa\/:%A{E’ H }_1 ,EO —2az,2: E0 e-ZaZAh ZZZREO e—2az

1+ j
sd.

(Note that the real part is equal to the surface res stiv}ty previoudy defined.) We can
replace the origina infinitely thick medium with an infinitessmally thin sheet that satisfies
the same boundary condition:

h°o R+ jX»

A"H=J, ® A" A" H=A"J, ® A(p-H)-H(A-A)=A" Jg
=0

. k“E_-A"E . . .

where H = — = and h ¢ isthe surface impedance of the thin sheet.

n
n

18
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Surface Current and Resistivity (4)

The boundary condition can be written as

- —> - —

hi” Jc=A" E ® hJ.=Ey,

~

and the power dissipated by the current flowing on the boundary is

TR T SO
Hoss_'EA{E H }-n §A| N E-H y
ths b
] ( 7 |2
A.. R _>*.. ~ J
:}A:'hs‘]s n’ H Iy ‘ A{ s}:‘ S‘ Rs
2 T b 2

The surface impedance concept gives a convenient means of computing the ohmic loss of
conductors. We can avoid integrating the volume current inside of the conductor (a
volume integral), and need only integrate the surface current (asurface integral). Thisis
only an approximation, but it is very accurate for good conductors. These calculations are
necessary in order to determine transmission line loss.

19
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Circular Polarization (1)

A circularly polarized plane wave can be obtained by superimposing two equal amplitude
linearly polarized plane waves that are in space and time quadrature (quadrature implies 90
degrees):

1. space quadrature, E;* E, (for example, E, vs. Ey)

2. phase quadrature, a e* P12 factor between the two fields
Example: Two linearly polarized plane waves propagating in the z direction

E; = XEy € bz and E, = JE, € Ibzgtip /2
Equal amplitudes, E, = Ey.°Eo

E(2) = E((2) +E»(2) = RE,e” P2 + §E e P2 IP/2 = E e 1P2(%+ j )

t ]

The instantaneousvalueat z=0 is
E(zt) =A{E(2)e!"! |= RE, coswt)  JE, sin(wt)

The vector rotates about the zaxis. Thetip of the electric field vector traces out a circle of
radius E,. The direction of rotation depends on the sign of |.

20
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Circular Polarization (2)

Naval Postgraduate School

The designation of RHCP is determined by the right-hand rule: the thumb of the right hand
Is pointed in the direction of propagation, and the fingertips give the direction of rotation
of the electric field vector. Similarly, LHCP satisfies the |eft-hand rule.

A X

y 47 . va ' I
\\\\\ LEFI—_HAND CI RCU LAR ,1/‘ \‘\\\ RI GHT'HAND CI RCU LAR /,/
" POLARIZATION (LHCP)” . POLARIZATION (LHCP)

The above signs hold for € bz | Eyo ! Eyo then the tip of the electric field vector
traces an ellipse. The resulting polarization isreferred to as elliptical polarization.

21
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Example

We want to find the reflected field when a RHCP plane wave is normally incident on aflat
perfectly conducting surface,

Ei (2) = %Eqe 177 - jyE e 1”7
Assume that the reflected field is of theform |
Er (2) = )A(Erxe+ ibz 4 9Erye+1bz
Thetotal tangential field at the boundary (z =0) must be zero

E (D +E (2) =X(Eo +En) + J(Ery - [Eo)° O
Equate x and y components to obtain

Eix = ) E, B
E, = jE E;
—
Thetotal field is 7
E, (2) =- REe" P + j9E e I D
Er

whichisa LHCP wave. 7=0

22
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Spherical Waves (1)

An ideal point source for electromagnetic waves has no volume. |t radiates a spherical

wave (i.e., the equiphase planes are spherical surfaces). An arbitrarily polarized spherical

wave can written as

g IR R -
R (quq + By of )

4 - R= distance from the source (Note that
If the source is at the origin of the
spherical coordinate system then R=r.
Thus we will move the source to the
origin and user in the next few charts.)

E(R) =

- h =impedance of the medium, assumed
to be red

23
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Spherical Waves (2)

Spherical waves are TEM, so the magnetic field intensity is

Kk~ E F V+Ef) - jbr . X
En) ! (qusr o )e Jbr=ehr ( Efoq+Equ)

and the time-averaged Poynting vector (assuming Eqq, B arerea)

W, =2EM)’ H' (1) :ﬁ(quq“ +Erof ) [ Erod + Egof |

H(r)=

e GO R
The power flowing through a spherical surface of radiusr is
2p p
=3, - t5= Lo+ 6 IS rr2snacaa
S 00
= %'O((qu)2 +(EroPJesna da - zh—'o((qu)2 +(Ero))
0

2

24
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Spherical Waves (3)

Note that the power spreads as iz (the “inverse square law™). We will see that afar field
r

region can be defined for any antenna. It isthe region beyond a minimum distance, r ,

where the wave becomes spherical with the following properties:
1. the wave propagates radially outward
2. 1tISTEM (thereareonly g and f field components)

3. the field components vary as %

At alarge distance from the source of a spherical wave, the phase front becomes locally

plane.
FAR FIELD
LOCALLY A GOOD
APPROXIMATION TO
A PLANE WAVE
it
SOURCE SOURCE o r 4

25
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Spherical Wave Amplitude

Snapshot of a spherical wave propagating outward from the origin. The amplitude of the

wave E(r,t) :cf%cos(wt- br) inthe x-y planeisplotted at timet =0

ELECTRIC FIELD INTENSITY

. e

', ratars

X, msters

26
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Ray Representation for Waves

- Rays are often used to represent a propagating wave. They are arrows in the direction of

propagation (IZ) and are everywhere perpendicular to the equiphase planes (wavefronts)

- The behavior of rays upon reflection or refraction is given by a set of rules which form the
basis of geometrical optics (the classical theory of ray tracing)

- Wewill seethat if an observer gets far enough from afinite source of radiation, then the
wavefronts become spherical

- At even larger distances the wavefronts become approximately planar on alocal scale

SPHERICAL WAVE FRONTS PLANE WAVE FRONTS

/ \

RAYS -

RO

27
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Wave Reflection (1)

For the purposes of applying boundary conditions, the electric field vector is decomposed
into parallel and perpendicular components E = Ex + E"

E. isperpendicular to the plane of incidence
E; liesin the plane of incidence

The plane of incidence is defined by the vectors ki and n
DECOMPOSITON OF AN ELECTRIC FIELD

PLANE WAVE INCIDENT ON AN
VECTOR INTO PARALLEL AND
INTERFACE BETWEEN TWO DIELECTRICS PERPENDICULAR COMPONENTS
TRANSMITTED
Ot
MEDIUM 2
€,M
INTERFACE
€, m
MEDIUM 1 qi 'q,

NORMAL

INCIDENT REFLECTED

28
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Wave Reflection (2)

Distance Learning

N e
3 o M

P R e m

r
H; K
FREE SPACE ¢ DIELECTRIC
n <« > 7
q -

G S E
Ny H, k
ke E,

PERPENDICULAR POLARIZATION

Theincident fields (E; ,H;) are known in each case. We can write expressions for the
reflected and transmitted fields (E,,H, ) and (E;, H;), and then apply the boundary

conditionsat z=0:

(Ei'l'Er)‘ :(Etxtanand (HI +|:|r)‘

waves.

tan
There is enough information to solve for the coefficients of the reflected and transmitted

I__il eo ITO
. ~ e n}
r
E; K
FREESPACE DIELECTRIC

n - —» 7
E - ~
N . E¢ t
Ke H,

PARALLEL POLARIZATION

tan

(Ht)‘tan

29
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Wave Reflection (3)

Summary of results: Reflection and transmission coefficients:
REGION 1 REGION 2 Perpendicular polarization:
FREE SPACE G. = N0osyq; - hocosyy
e, m DIELECTRIC h cosg; +h cosy
" S M (. = Zh cosg;
h cosg; +hgcosqy
G
n - Er/\ =G Ei/\ and Et/\ =t A Ei/\
9 %
Paralel polarization:
" INTERFACE G = h cosq, - hg cosg;
| | | h cosg; +hgcosg;
ani :anr =& M ant = Z]COS(]I
=

h cosg; +hgcosg;
h, :\/% and h = /—22: :ho\/g
Er =QE)and By =t E;

30
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Wave Reflection (4)

Distance Learning

Example: A boundary between air (h, =377 W) and glass (e, =4,h =188.5W).
See the following charts for plots of reflection coefficients vs. incidence angle.

Two specia cases:

1. Brewster’s angle is the incidence angle at which the reflection coefficient is zero. For
parallel polarization thisrequiresh cosg; - hy cosg; = 0, or

COSQ; :hicosqt :hi\/l- sin®ay :hi\/l- isinzqi b qg=tanl /e, =634°
0

0] 0] er

2. Total internal reflection (g; =p /2) occurs at the critical angle of incidence, when the
wave is impinging on the boundary from the more dense medium

sng, [ ne snp/2) _ [ me _ .1 oo
= p = =.e, b dng.== b =30
sing; MEo sng MEo r e 2 e

Thisisthe basis of fiber optic transmission lines.

31
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Wave Reflection (5)

Distance Learning

Boundary between air (e; =1) and glass (e, = 4)

AIR-GLASS INTERFACE,WAVE INCIDENT FROM AIR

PERPENDI

CULAR

POLARIZATION

PARALLEL
POLARIZATION

BREWSTER'S

ANGLE

10 20 30 40 50
theta, degrees

60

70

80

90

[gamma|

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

AIR-GLASS INTERFACE,WAVE INCIDENT FROM GLASS

PERPENDICULAR
POLARIZATION

PARALLEL
POLARIZATION

10 20 30 40 50 60 70 80
theta, degrees

90
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Wave Reflection (6)

Distance Learning

Example of a plane wave incident on a boundary between air and glass (e, = 4,q;, = 45)

INCIDENT WAVE
10 . . .

TRANSMITTED 8
6
o, 4
GLASS
2 BOUNDARY
N
AlR q 'q
NORMAL
INCIDENT REFLECTED

33
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Wave Reflection (7)

Example of a plane wave reflection: reflected and transmitted waves (e, = 4,g; = 45°)

REFLECTED WAVE TRANSMITTED WAVE

10

BOUNDARY

34
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Wave Reflection (8)

Example of a plane wave reflection: total field

10

Wy

- Thetotal field inregion 1 isthe sum of the
incident and reflected fields

- If region 2 is more dense than region 1
(i.e., €2 >€q) the transmitted wave is
refracted towards the normal

- If region 1 is more dense than region 2
(i.e., €1 >e€,2) the transmitted wave is

refracted away from the normal

35
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Example (1)

Distance Learning

An aircraft is attempting to communicate with a submerged submarine. The frequency is
0.5 MHz and the power density of the normally incident wave at the ocean surfaceis 12

kW/m?. The receiver on the submarine requires 0.1 nV/m to establish areliable link.
What is the maximum depth for communication?

Hi Ei
AIR
A =0
Kk M,€0,S
X
220 4+— = e
OCEAN
V4
v X m,,e, =72,s =49m
kt
The phasor expression for the incident plane waveis E; (z) = XE, €’ IPoZ \yhere
- 108
b, =W./Mmye, =|2—p, | o :%:3—106 =600 m. Thetime-averaged power density is
0 0.5 10

given by the Poynting vector, ’Vvavi (z)‘ = %‘ E (2 H: (2)

36
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Example (2)

At the ocean surface, z=0, and from the information provided we can solve for E,
N Eol” o 1 13 yngn2 2 , 103
Way, (2) = 2-0 12 100 WimE b [E,|” = (12" 10°)(2)(377) P |E,|=3008 V/im
0}

Below the ocean surface the electric field is given by E;(z) = XEt e 94, where the
transmission coefficient is determined from the Fresnel formulas

c="""0 andt =1+6=—2
h +hg h +hg
To evaluate this we need the impedance of seawater
h = = M
e, gl- | 5 2
i e
Note that > - 4 = 2000 >>1whichistypical of agood

eeW 2p(5° 105)(8.85° 10" 2)(72)
conductor. Thuswe drop the 1 in the denominator for good conductors.

37
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Example (3)

ho» /][ -1 ] W% =0.7(1+ j) =0.9899¢%" 0 pe)

S A2
Now the transmission coefficient is
2 21+ ))(0.7)

= = =5.25" 10 3el#89 o et
h+h, (1+j)(0.7)+377

At depth z the magnitude of the electric field intensity is
1/2

Ei(2)|= JE(2-E (2 —g(xEte (a“b)z) (xEte (a“b)z), =|E Jt|e??

H

where the attenuation constant is

38
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Example (4)

Similarly, for agood conductor the phase constant is

N .1/2

1 é 2
b=W!EA 1+& 2 +1L'luy » [ IbS

12 & &wes g 2

i 28 i,

At what depth is ‘Et (z)‘ =0.1mVv/m?

=a

0.1 10" ° =|E, |t |& #%'* =(3008)(5.24" 10" %)e” =%
- 2.81z=-18.88
2=6.7m

A common measure of the depth of penetration of the wave in a conductor isthe skin
depth,d.. Itisthe distance that the wave travelsinto the material at which its magnitude is
1/e of its value at the surface

E (O =|Et|et =|Eoft[€* P adg=1 P ds=1/a=1/./p frs

(Note that for a nonmagnetic conductor i =r.)
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Example (5)

The instantaneous (time-dependent) expression for thefield is
E(zt) = A{f(t Ee P Zeth}

Note that in general E, can be complex and written in polar form E, = \Eo\ej': o, The

phase depends on the altitude of the transmitter and the phase of the wave upon leaving
the aircraft antenna. We can not determine F ; from the information provided, and

furthermore, it is not important in determining whether the link is established. Thus,
E (1) = Alst |l \Eo\ej':oe'(a”b)zej""t} - i [Eole” Zcoswt- bz+F o +Fy )

The magnetic field intensity phasor is Ht(z)— hEt(Z) Vo & 92and the
Instantaneous value
o 1 AJF
H (Z t) = A XMeJ t‘E ‘ej ° e (a+jb)ZeJWtP
1IFn y
hle b
H oleazcout- bztFy+Fy - Fp)
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Common Two-Wire Transmission Lines

Distance Learning

Twin lead or two-wire

DIRECTION OF
PROPAGATION
0
CONDUCTOR E CONDUCTORS
SEPARATION d / (RADIUS a)
y y
Coaxial (“coax™)
DIRECTION OF INNER CONDUCTOR
PROPAGATION _ (RADIUSa)
| OUTER CONDUCTOR
\ (RADIUSb)
Microstrip
CONDUCTOR
DIRECTION OF SUBSTRATE
GROUND PROPAGATION (DIELECTRIC)
PLANE, P/ e
| ‘v v v 9]
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Transmission Line Equations (1)

A short length (Dz) of atwo-wire transmission line has the equivalent circuit shown

below:
1(z,t) i(z+ Dz,t)
A B -
+ R¢ L¢ +
V(Z,_t) G¢ % —Lc¢ \_/(Z+ Dz,t)
Dz
>

<

RCisthe total resistance of the conductors (\W/m)
L Cis the inductance due to the magnetic field around the conductors (H/m)

C(isthe series capacitance due to the electric field between the conductors (V/m)
G( istheisthe conductance due to loss in the material between the conductors (S/m)

Special case: lossesstransmission line

1. perfect conductors, s =¥ and thereforeR(=0
2. perfect dielectric filling the region between the conductors, e«= 0 and

therefore G(=0
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Transmission Line Equations (2)

Use Kirchhoff’ s voltage law at node A and take |im
Dz® 0

_ ﬂV(Z,t) — R¢(Z,t) + Lq;ﬂl(zit)
9z qt

Use Kirchhoff’ s current law at node B and take |im
Dz® Q

i@y :G¢/(z,t)+C¢L:;’t)

9z
For the time-harmonic case /It ® jw

_adv(2) ~(

R+ jwLdl(2) (D)

di(z .
S = (Gerwedv () (2
Thisisaset of coupled integral equations. Take d/dz of (1) and substitute it in (2) to get a

second order differential equation for V(z)

2
d d\igz) - (Re+ jwLG(Ge+ jwCv (2) =0
°g

2
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Transmission Line Equations (3)

The propagation constant is determined from the transmission line parameters

g =+/(R¢+ jwLYGE+ jwCh° a + jb

The phase velocity is Uy =w/b.

In asimilar manner adifferential equation can be derived for the current. Together they
are the transmission line equations (wave equations specialized to transmission lines)

dV(2) _ d?1(2)
2 -g2V(z)—O and 2 -

A solution for the voltage is

g°1(2)=0

V(z)=V]e #+Vv,e'¥

Thefirst term is awave traveling in the +z direction and the second a wave traveling in the
-z direction. If thisisinserted into (1) on the previous page then the result is

- 9 + 0\ ot
| (2) = V.e ¥-V,e
(2) R¢+jWL¢(O © )
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Transmission Line Equations (4)

The corresponding solution of the differential equation for the current is
1(2)=1ge F+1,e"¥

Comparing the coefficients of the terms in the two equations gives the characteristic
Impedance

Vo _ RC+ jWL¢: g _ R¢+ jwL¢
0 |5 g Ge¢+ jwCe || G¢+ jwCe

Example: Airline (e =ey,m =ngy,s =0) with perfect conductors (S .ong = ¥ ) operates at
700 MHz and has a characteristic impedance of 50 ohms and a phase constant of 20 rad/m.
Find L¢, CCand the phase velocity.

Since R=G(=0 b a=0, and g=4/jwLwCC¢= jw~/LEC jb = j20

Zy = RO+ !WLG::\/E::SO. Solve the two equations to obtain C(=90.9 pF/m and
Ge¢+ jwCe | C¢

L(=227 nH/m. The phase velocity isu, =w/b =1/-/LE¢=2.2" 10® m/s=0.733c.
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Transmission Line Equations (5)

Formulas are available for computing the transmission line parameters of various
configurations. For example, a coax with inner radius a and outer radius b:

=S o= = "inm/a), Re=s@/a+1/b)
In(b/a) In(b/a) 2p 2p

f : : .. .
whereR; = P Mtond Is the surface resistance of the conductors, IS its permeability
S ; cond
con

and s .ong 1ts conductivity. Notethat i, e and s are the constitutive parameters of the
materia filling the medium between the conductors.

For transmission lines that support transverse el ectromagnetic (TEM) waves the following
relationships hold:
(
LC=me and =S
Ct e

An important characteristic of TEM wavesisthat E, H and the direction of propagation
2 are mutually orthogonal. That is, the electric and magnetic field vectorsliein aplane
transverse to the direction of propagation.
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A transmission line circuit is shown below. The source (generator) and receiver are
connected by alength /¢ of transmission line. Assumealosdessline(g=jb)

29 i I
+ e +
Vg Vin| Z, A Z,
z=-/ z=0

The current and voltage on the line are given by

. . + ] _ .
V(2) =V0+e' bz +V, e+JbZ and | (2) :Vie' jbz _ V_oe+Jbz

ZO ZO
The boundary condition at the load (z =0) can be used to derive a reflection coefficient
+ - +
L:V(O):Vo +V0 ID G:VO :ZL' ZOO‘quFG
10)  v& Vg V, ZL+Z,
Zy Zy
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Transmission Line Circuits (2)

Three special load conditions are;

1. If the load is matched to the characteristic impedance of the linethen Z;, =27, and
C=0

2. If thelineis open circuited then Z, =¥ and C =1 (| =1,F ¢ =0)

3. If thelineis short circuited then Z, =0 and C=-1(|§=1,F¢c=p)

The total voltage at apoint on the lineis given by

V(2) =V.re 197 4y elb? :V0+a%- bz +V_o;ejbz%
Vo 1
:Vo+(e' jbz+Gejbz):VO+ (e' jbz_l_‘qejF Gejbz)
V(2) =V (2V(2) = ’VO+ {1+\q2 +2|Gcos(2bz+F G)}“ 2
The maximum and minimum values of the voltage are
Vmax :’V‘max :’Vo+ (1""(3{) and Vmin :’V‘min :’Vo+ (1' ‘GD

If C1 0 thereisa standing wave component to the voltage and current.
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Transmission Line Circuits (3)

Voltage plots for three load conditions (I =1m):

G = - 1 (SHORT)
2 . .
! 15 |
| ZO i Z|_
I : E 1l
z=-25 z=0
05
0
2 1 0
G = 1 (OPEN) z
2 2 E
_ J
15 15 G=02e ]

VI
-
VI
=

-2 -1 0 -2 -1 0
4 4

The load impedance for the last case can be computed from the reflection coefficient

G:ZL-ZOZZf‘-l:O.Zejp/S b Z|(_|3:ZL21+G
Z -7Z, Zg-1 Z, 1-G

=114+ j0.41
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Transmission Line Circuits (4)

- Voltage maxima occur when cos(2bz+F c)=1 P 2bz+Fc=-2np. (Notethat
increasing nisinthe—zdirection.) Maximaare spaced | /2.
- Voltage minima occur when cos(2bz+F)=-1 P 2bz+F:=-(2n+2p . Minima

arespaced | /2.
Vma _ @+]G)

Muin  (1-1G)

- The voltage standing wave ratio (VSWR) isdefined as s = Note that

1<s<¥.

Plot of voltage and current for Zf =0.1 (I =1 m).

2

18}

16

14F

[V]ori
o o =
(] [ee] = N
T T T

o
~

"y 5
02f % F

50



Transmission Line Impedance (1)
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The impedance at any point on the lineis the ratio of the voltage to current at that point

o .
1 (2) V—J[e_ jbz _ Ge+ij] 1- GeJZbZ
ZO

+| .- jbz + jbz |2bz
2=V _Ys e e ceti]  1+cel

At theinput of theline z=-/
1+Ge 122 _ 67, +jz,tan(bl)u

Z. =7 : =
N0 e 2t TOEZ) + jZ) tan(br)

For the purpose of computing the power delivered to the load, the load and transmission
line can be replaced by an equivalent impedance Z;,

Vv V.7,
= lin lin = - and Vi = ljnZjy = R
+ __F_ Zg + Zin Zg + Zin
Vq <> Vi, Zin The power olelivered to the load and line combination
) ) i IS Bn =Vinlin
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Transmission Line Impedance (2)

Power on alossless line is computed from the voltage and current

V(2) :V+e' bz 4 avfet P2 =y, +V g

V+
1(z)=——¢€ bz g2 +Jbz_||nc+|ref
| NCIDENT REFLECTED
WAVE WAVE

The incident instantaneous power in the incident waveis

R —At/ ej""t}A{l ej""t}

IFo + 2
{|V |eJF0e‘V"t}A||V° e J‘th-l o | cos?(wt +F )
Z, b Z °

where it has been assumed that Z, isreal. A similar analysis of the reflected wave yields

Al
P=- 2 [Geos®(Wt+F o +F )

0]
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Transmission Line Impedance (3)

The time-averaged power is obtained by integrating the instantaneous value over a period

T + 2 1/f + 2 + 2
Py =L ormdt= 1Yo I s coat+F o)=Y P Mo Vo |

Similarly for the reflected power
2
Pav, =-1G"Pa,

and the average power delivered to the load is

_ No P i)
I:)a\/l_ _Pavi +Pavr - ; ) ‘q
0

In order to deliver all power to the load we must have ‘qz ® 0.
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Transmission Line Impedance (4)

Input impedances for the special load conditions

é0+ jZ, tan(bé)u
°€7 "+ jotan(b/)¥
é¥ +jZ, tan(bf)u Z,
°€Z +j¥ tan(b))!'” jtan(b?) bi® o0

1Z, tan(bﬁ) jZ b/ whichisinductive

1. Short circuit: ZX =Z

2. Open circuit: Z2°=Z - jZ, /bt whichis

capacitive

eZ, + jZ,tan(bl)u _
Oez + jZ, tan(b)

3. Matchedline: Z, =Z =Z, (Noteitisindependent of theline

length.)
I nput impedances for some special line lengths:
+ 2, tan(p)u
oez +jz tanp)f T
ez + jZytan(p/2)u
087 +jz, tan(p /)Y

1. Half-wavelength line: Z;, =Z

2. Quarter-wavelength line: Z;, =Z —Z olZ,
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|mpedance Matching

For “off-the-shelf” components that must be used in a system, fixed values of Z, are used.

Common values are 50, 75 and 300 ohms. Most devices (antennas, couplers, phase
shifters, etc.) are not “naturally” 50 ohms. An impedance matching circuit must be
Inserted between the 50 line and the device. The impedance matching circuit is usually
incorporated into the device and sold as a single package as illustrated below.

MISMATCHED MATCHED
JUNCTION JUNCTION
\ \ IMPEDANCE
Zo : Zy Zg | MATCHING Zi
’_» ’_.» NETWORK

z, | z, |
Three common matching techniques:
1. quarter-wave transformers

2. stub tuners
3. series and parallel lumped elements

In general, the imaginary component of the load impedance must be cancelled and the red
part shifted to Z,
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Quarter-Wave Transformers (1)

MATCHED

JUNCTION | /4
Zo 28 14
Zin =24,

If a quarter-wavelength section is inserted between the transmission line and load, the
Input impedanceis

ez, +jZ§tan(p /2)u
Z. =Z¢iL =7€/Z, 972, b 7¢=./7Z7

Note that all of the impedances involved must be real.

Example: What is the characteristic impedance of a quarter-wave section if it isto match
a 100 ohm load to a 50 ohm line?

Z$=./Z,Z, =./(50)(100) =70.7W
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Quarter-Wave Transformer's (2)

A gquarter-wave

. : 100W 200 W 400W < 400 W
transformer is designed so
that reflections from the
two junctions cancel _ .,
iva i G=1/3 | G=-1/3 G=1/3
(destructive interference). Coaal £ -o)a 43

If the frequency is changed

from its design value, then Y 1T’ 43 413 6 )
the cancellation is no U3« 49 <)
longer complete. (827 0 i
| 427 4127 | SUMS
i _4/81; )i 8L 16y
| j |
s 81243 «— 481 i
TO -3V > 4243 4243 Ly 17720
j4/7ZQD )
812187 «———A129 A
U i 4/2187

ROUND TRIP GIVES p
PHASE SHIFT (- SIGN)
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Stub Tuning (1)

We have seen that short sections of transmission line can be capacitive or inductive. By

adjusting the location and length of a shorted or open stub, any complex impedance can be
tuned.

e
d Z
! > 0 : 0 Zy
| 1z [z v 28
e\F
SHORTED SERIES STUB SHORTED PARALLEL STUB
- The stub impedance is usually chosen to be the same as that of the transmission line

(Z§ =2,).

- Both shorts and opens can be used. Shorts are generally preferred because thereisless
fringing of the field (and therefore less coupling to external objects)

- When dealing with devices in series we work with impedance, because the impedances
of devicesinseriesadd: Z =R+ jX (R =resistance, X =reactance)

- When dealing with devices in parallel we work with admittance, because the
admittances of devicesin parallel add: Y =G + |B (G =conductance, B =susceptance)
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Stub Tuning (2)

Example of the parallel stub tuning process for aload with admittance

11
ZL R+ XL

YL=G_+ B =

Y =G{ + jBf = the admittance at distance d from the load, which can be found from the
Z;, formulaand then computing Y, =1/ Z;,

YL = |B{ = the admittance at a distance ¢ from the short (note that a shorted or open stub
can provide only an imaginary part to the impedance or admittance)

The total admittance at the junction looking into the parallel combination of stub and load

(
ISYin =Y +YL=Gf + |Bf + jB{°Y,. Thus YL‘ d
the two conditions are:

Y, [
1. Choose d so that Gf =Y, ’ KR‘ v
Yin !

Y|_ :1/Z|_

2. Choose ¢ sothat Bf +B{ =0
Y¢
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Stub Tuning (3)

The disadvantages of stub tuning:
- the required location and length of the stub may not be practical or convenient
it isdesigned for a single frequency, and hence is narrow band

Example of short-circuited stub tuner on microstrip:

DEVICE BEING
TUNED \1 .
o — - =
e
SHORTED
STUB

LOAD LOCATION

SHORTING PIN GROUND

PLANE

«
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Lumped Element Tuning (1)

At low frequencies (about 1 GHz and below) lumped inductors, capacitors and resistors
are effective and more compact that stubs.

Diode phase shifter with discrete components
Printed circuit inductor
METALLIZED VIA

, \ | / THICK FILM
. - . CAPACITOR
~N - \r&.‘. .
# 7 . |
' ’ / THICK FILM

e / CONDUCTOR UE ;
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Lumped Element Tuning (2)

Example: An antennawith impedance Z;, =90- |25 ohms must be matched to a 50 ohm

transmission line using an inductor or capacitor (no resistor). Design an impedance
matching circuit.

The tuning element adds only a reactance, and therefore d must be chosen so that the
Impedance of the combination of load plus transmission line has areal part of 50.

MATCHED
JUNCTION = Z, + jZ, tan(bd)
\‘E : 5 Zin =4, ,
: i _ Z, + jZ, tan(bd)
Z, i i Z =90- j25W .
] . d =50+ jXf
Z
? Zjy=50+jX¢

This equation can be separated into real and imaginary parts the real part solved for d.
After much work one finds that theresult is d =0.068] . Using thisin the above equation,
the impedanceis Z;j, =50- J35W. Therefore a series reactance of +j35W must be

added, which is an inductor whose value is determined from jwL = j35.
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Example: Lossless Power Divider

Design alossless power divider that splits the power in the ratio of 2:1 between the two
output arms.

Because the deviceislosdess B, = P, +P,. We want

V2 V2
p=ip p 2o =1Vo 7 37 —150W
3 271 327,
and, similarly,
V2 v 2
pzzgpo b o -2V p 22:§ZO=75W
3 272, 327, 2
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Transmission Line Loss (1)

Transmission lines between the antenna and receiver or transmitter in a systems can have
significant losses. Traditionally they have been called plumbing loss because the primary
contributor was long sections of wavguide. Sources of lossinclude:

1. cables and waveguide runs (0.25to 1 dB per meter)
2. devices have insertion loss
duplexer, rotary joints, filters, switches, etc.
3. devices and connectors have mismatch loss (VSWR 1 1)

DUPLEXER/
CIRCULATOR LOSE

TRANSMITTER

TRANSMISSION LINE LOSS

RECEIVER
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Transmission Line Loss (2)
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Consider alength ¢ of transmission line

— > . —
Bn ~|Ein|2 ° Fout |EOUt|
< 4 g

If the incident waveis TEM, then the field at the output can be expressed as
|[Equt| =|Einle™®" and the transmission coefficient of the section is

t|= = [Bou| _ e p tgg= 20IogaEOUt 2= 20Iog(e'af)
Einl e |

in

Example: A shorted 5m section of transmission line has 8 dB of loss. What isthe
attenuation coefficient?

Because the line is shorted the wave travels 10m and therefore,
- 0.4
Viogle @ )=-8 p e =10®D p g =ﬂ10—0) =0.092 Np/m
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Waveguides (1)

Waveguides are an efficient means of transmitting microwaves. They can be hollow or
filled with dielectric or other material. The cross section can be of any shape, but
rectangular and circular are most common. First, we examine propagation in arectangular

waveguide of dimension a by b.
y

a

+ jbz

Waves propagate in the + z direction: E(z), H(z) ~ e™ °*. First separate Maxwell’s
eguations into cartesian components (1r,e refer to the material inside of the waveguide)

T;Z + JbEy =- jwnH, ;
M ﬂEz —_ .I., Uy s _’_ . —
- JbE, - . =-JjwnHyyN" E=- jwnH
X e
|
E .
L jwnH, !
™ Ty b
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Waveguides (2)

Distance Learning

™, . {
+ JbH, = jweE, -
Tly ' T
- jbH, - ﬂ‘lIT_'Z:jWeEyi’/N' H = jweE
X o
|
H iy
I y-ﬂHX:jweEZ !
™ Ty b
Rearranging
Ey = 2-1 2gbﬂEz+me 22
wme- bce X Ty o
Ey=— J 286—" bﬂEZ WmﬂH—Zg
wme- bce Ty X g
_ J e &, [ TH;0
H, = e - b -
T wie-b2é W g
Hy = 2_1 Fveltz 4 p M0
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Waveguides (3)

The wave equations are:

2 1P T 1P 1P el 2 .
Notethat N° =— +— +—— and — =(- jb) =- b~ and the wave equations for the
> y" Tz 1z
z components of the fields are

éﬂx Yz eiob?- vk,

e
éﬂx y“ ¢
TEM waves do not exist in hollow rectangular waveguides. The wave equations must be

solved subject to the boundary conditions at the waveguide walls. We consider two types

of solutions for the wave equations: (1) transverse electric (TE) and (2) transverse
magnetic (TM).

HZ:(bZ- Wzme)Hz
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Waveguides (4)

Transverse magnetic (TM) waves. H, =0 and thus H istransverseto the zaxis. All field
components can be determined from E,. The general solution to the wave equation is

E.(XY,2) =E,(X, y)eijbz - EZ(X)EZ(y)eijbz
=(Acos(b,x)+ Bsin(b Xx))(Ccos(byy)+ Dsin(b yy))ei bz

where A, B, C, and D are constants. The boundary conditions must be satisfied:

O® A=0

IR
E,=0aiy 0@ Cc=0

Choose by and b, to satisfy the remaining conditions.

E,=0a x=a: sn(ba)=0 P ba=mp b b= (m=12,..)

d
E,=0at y=b: sn(b,b)=0 b byb=np b by:% (n=12,...)
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Waveguides (5)

For TM waves the longitudinal component of the electric field for a+ztraveling wave is
given by
EZ(X’ y1 Z) =U Sn@xgsnwp y_e jbz
g a ¢ b "¢

where the product of the constants AB has been replaced by a new constant U . Each
solution (i.e., combination of mand n) iscalled amode. Now insert E, back in the wave

eguation to obtain a separation equation:

b2 =w?ne- &np 92- @92
ag g b ¢

If b?>0 then propagation occurs; b 2 = 0 defines a cuttoff frequency, fCmn :

oo 1 \/aé_no g
‘m 2 me\éag gbg

Waves whose freguencies are above the cutoff frequency for a mode will propagate, but
those below the cutoff frequency are attenuated.
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Waveguides (6)

Transverse electric (TE) waves: E, =0 and thus E istransverse to the zaxis. All field
components can be determined from H,. The general solution to the wave equation is

H.(X,Y,2) =H,(X, y)eijbz - HZ(X)HZ(y)eijbz
= (Acos(bxx)+Bsin(be (Ccos(byy)+ Dsin(b y)etib2

ap O 'ITHZ aanp 0o

~cosg- —y=and E, ~ COSC—— X+

Sg y fix Sg a ¢
Boundary conditions:. E,=0at y= O® D=0
E,=0a x=0® B=0

But, from Maxwell’ s equations, E

E,=0a y=b® b, =2 n=01...

b
E,=0a x=a® b, =2 r=01,..
a
Therefore, H,(X,Y,2) :VCOSg—X—COSg y—e 152 (m=n=0 not allowed)

The same equation for cutoff frequency holds for both TE and TM waves.
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Waveguides (7)

Other important relationships:
u

- Phase velocity for mode (m,n), up:\/ ( )2 where u=1/./me isthe phase
1- \f. [/ f
mn

velocity in an unbounded medium of the material which fills the waveguide. Note the
the phase velocity in the waveguide is larger than in the unbounded medium (and can be

greater than c).

- Group velocity for mode (m,n), ug :u\/l- (fcmn / f)z. Thisisthe velocity of energy
(information) transport and is less than the velocity in the unbounded medium.

- Wave impedance for mode (m,n),

LT, = h
J1- (fo, 1 FF

Zrw,, =hofL- (fe /)
whereh =./m/e isthe wave impedance in the unbounded medium.

- Phase constant for mode (m,n), bmnzﬂzv—v\/l- (fC /f)2
up u mn
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Waveguides (8)

- Guide wavelength for mode (mn), | o = = where | isthe wavelength

J1- (fo 1T

In the unbounded medium.

The dominant mode is the one with the lowest cutoff frequency. For rectangular
waveguides with a > b the TE;5 mode isdominant. If a mode shares a cutoff frequency
with another mode(s), then it is degenerate. For example, TE;; and TM 1, are degenerate
modes.

Example: If the following field exists in arectangular waveguide what modeis
propagating?
E, = SSlngaé’?—pxgsmfJEB y9e 122
¢

Since E, * O it must beaTM mode. Compare it with the general form of a TM mode field
and deduce that m=2 and n=1. Therefore, itisthe TM »; mode.
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Waveguides (9)

Example: What isthe lowest frequency that will readily propagate through atunnel with a
rectangular cross section of dimension 10m by 5m?

If the walls are good conductors, we can consider the tunnel to be awaveguide. The
lowest frequency will be that of the dominant mode, which isthe TE;; mode. Assume

that the tunnel isfilled with air

1 C
fesp = 2./me, 8ag 2(10)

Example: Find the five lowest cutoff frequencies for an air-filled waveguide with a=2.29
cm and b=1.02 cm.

—— =15 MHz

; 1 |aem o2 Laen 62
em =3 e |/§0.0295  §0.01024

Use Matlab to generate cutoff frequencies by looping through mand n. Choose the five
lowest. Note that when both m,n > 1 then both TE and TM modes must be listed. (The
frequencies arelisted in GHz.)

TEy(14.71), TE1(6.55), TE1; and TM 11(16.10), TE 5 (13.10)
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Waveguides (10)

Example: Find the field parameters for a TE,q mode, f=10 GHz, a=1.5 cm, b=0.6 cm,

filled with dielectric, e, =2.25.

Phase velocity in the unbounded medium, u=c/~/2.25=3" 108/1.5=2" 10% m/s
Wavelength in the unbounded medium, | =u/f =2~ 10%/1° 10'° =0.02 m
CIN225 _ 677 1010 Hz

Cutoff frequency, f.. =u/(2a) =
squency, Tey, =28 = o 0.015)

_w 2 _ 2pf
Phase constant, byg =—./1- {f, /f V1- 0067/1 =174 radians
Guide wavelength, | | - 002 =0.0268 m

Jl f, It 0745
Phase velocity, u, =u/0.745=2’ 108 /0.745=2.68" 10° m/s
Wave impedance, Ztg,. = h _No/v225 _ (377) =337.4 ohms
10 Jl- (f, /fF 0745 ~(0.745)(15)
mn

Group velocity, ug =0.745u = (2" 108)(0.745) =1.49" 10° m/s
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Mode Patterns in Rectangular Waveguide

From C.S. Lee, S. W. Lee, and L. L. Chuang, “Plot of Modd Field

Digtribution in Rectangular and Circular Waveguides,” |EEE Trans. on
MTT, 1985.
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CONSTANT, g

QUANTITY TEM (E, = H, = 0) T™ (H, = 0) TE(E, = 0)
WAVE n GENERAL:  Zyy-—3 GENERAL:  z;g-120
IMPEDANCE, Z Zrew =h :\E ™7 e TE
f>fc  hyl- (fo/ )2 £> fo: %
f<fe A (F/1) e
we f< fg: J
hy1- (f/ fc)2
PROPAGATION jk = jwne GENERAL:  hy1- (fc/f)> | GENERAL:  hy1- (f./f)?

ib = jkyl- (fo/f)?

f>fo:  jb=jkyl- (fel ) f> fe
f<fe  a=hyl- (f/fg)? f<fe  a=hyl- (f/fg)?
PHASE 1 GENERAL : w/b GENERAL : w/b
VELOCITY, u u= . ___u : __u
) ,‘[ma f> fe: f> fe:
P ¢ 1- (fo/1)2 ¢ 1- (fo/1)2
f< fe:  NOPROPAGATION f< fe:  NOPROPAGATION
VECTOR FIELD -1 ., = _ 0O 5 - 9
RELATIONSHIP H=> k™ E By =- ?NTEZ Hy =- pNTHz
TEM — =
G-t 5 E E=-Z2 H
ZTM
h - Y T S
Cutoff frequency: fo =——F—=— Propagation constant: g =vh” - k= Transverse Laplacian: Ny = -5 +-——
eq Cy. T¢ 2p~,/ﬁ pag g a T ﬂxz ﬂyz
ps® , apo° |
For arectangular waveguide (a by b): h =, gm—f +¢——  Guidewavelength: | g =
ad €ho 1- (fo/ f)?
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Waveguide Magic Tee

Ports 1 and 2 are the "sidearms." Port 4 isthe "sum" port and 3 the "difference" port.

Sidear_m excitatio_n Port 3 Port 4
A=ae' Ap=aell A=0 A =2a
A =aell Ay=ael™P Aj=2a A, =0

PORT 3

AORT 2

"Magic" originates from
the fact that it isthe only
4-port device that can be
simultaneously matched

at all ports.

PORT 4
PORT 1
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Circulators

Circulators "circulate" the signal from port to port in the direction indicated by the

arrfow
1

o

3
|deally: Signal into port 1 emerges out port 2; signal out port 3 is zero.
Signal into port 2 emerges out port 3; signal out port 1 is zero.
Signal into port 3 emerges out port 1; signal out port 2 is zero.

In practice:

1. Thereissomeinsertion lossin the forward (arrow) direction. Values depend
on the type of circulator. They range from 0.5 dB to several dB.

2. Thereisleakage in the reverse (opposite arrow) direction. Typical values of
isolation are 20 to 60 dB. That is, the |eakage signal is 20 to 60 dB below
the signal in the forward direction.

3. Increasing the isolation comes at the expense of size and weight

Uses. 1. Allow atransmitter and receiver to share acommon antenna without switching
2. Attenuate reflected signals (load the third port)
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Microwave Switches

Microwave switches are used to control signal transmission between circuit devices.
A genera representation of aswitch isgiven in terms of "poles' and "throws"
SINGLE POLE - DOUBLE THROW (SPDT) DOUBLE POLE - DOUBLE THROW (DPDT)

TRANSMISSION POLES  THROWS ROTATING ‘

LINE VANE
\_ B T
INPUT . _><_ OUTPUTS — .

- |

Switches can be constructed in any type of transmission line or waveguide. Common
types.

Type Principle Applied to:

Mechanical Rotating or moving parts All types

Diode Forward/backward bias Stripline, microstrip, waveguide
yields low/high impedance

Gas discharge Confined gasisionized Waveguide

Circulator Magnetized ferrite switches Stripline, microstrip, waveguide

circulation direction
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Bandwidth (1)

The equivalent circuits of transmission lines and antennas are comprised of combinations
of resistors, capacitors and inductors. The transmission coefficient, or gain in the case of
an antenna, is frequency dependent. The range of frequencies over which the device has
“acceptable performance” is called the bandwidth of the device. For example, the gain of
atypical antenna has the following general frequency characteristic:

A

___________________________

—h

Note that gain can be viewed as a scaled value of the antenna’ s transmission coefficient.
We will see that other performance measures, not just gain will determine its bandwidth.
Specifying frequencies where the gain exceeds the minimum value as in the operating
band, the bandwidth is f, - f_. The center of thebandis f, =(fy + f, )/2.
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Bandwidth (2)

Information transmission systems, such as radar and communications, require afinite (non-
zero) bandwidth. Consider the following waveform as an approximation to a modulated
carrier that aradar would employ. Inthetime domainthesignal is

S(t) = COSWot) COSWyt) = 2 ;
S N

The spectrum of this signal has two spikes centered about the carrier frequency, +w,

L

Nl Dl B,
1) IR R

Therefore, in order to pass this signal without removing any frequency components, the
required bandwidth is B =Df =2w,,. Thisisan example of abandpass device. |deally we
would like the amplitude of the transmission coefficient to be constant over the passband.
It isusually “bell-shaped” as depicted in the previous chart. Common cutoff choices for
the edges of the band are the —3dB, —6dB, and —10dB points.
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Filter Characteristics

Filters are characterized by their transfer functions |H ()| =]t | = /1- ‘qz , where C

is reflection coefficient. It isusually plotted as return lossin dB, 2010g,o(/G)), or
transmission lossin dB, 20log;o(t|). Note that in many cases the phase of the
characteristic function is also important.

g A g
2} A
S o [wremnt)| S of- \ e
2 =z
o LOW PASS o PASSBAND
7 | PASSBAND FILTER 3 HIGH PASS >
s Df =
g : f
e
F_y0 ! - -y
H f, fy =¥
om
S A S A BAND STOP
Q g FILTER
- or \MMWWWWMMN\/ 90 WNMMW[A/\/\ \)\/U\MMWMW\
5 BAND PASS =
) FILTER PASSBAND 7
= of = PASSBAND STOPBAND PASSBAND
72}
> z f
< B f 2 Df
F.y > .y >

fL fH f|_ fH
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Multiplexers

Multiplexers are frequency selective circuits used to separate signals by frequency
spectrum. They are comprised of filter networks. The exampleillustrated is a waveguide
manifold multiplexer that separates signals into four subbands:

Cf, + Cf, +Cf3 +Cf, EFFECTIVE SHORT LOCATIONS
— T
] A B C D
ALTER ;| D Df 5 Df 3 Df 4

==l L

The plane at 1 appears as a short in the band Df, but matched at other frequencies .
The waveguide junction at A appears matched at Df, but shorted at other frequencies.
Similarly for planes 2, 3, 4 and junctions B, C, D. Frequency characteristic:

Dfy + Df 5 +Df g+ Dff 4

f Df, | Df,»| Dfs| Dfy f
e e
INPUT OUTPUT
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From Gamma-F Cor por ation advertisement
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Decibdal Refresher

In general, adimensionless quantity Q in decibels (denoted Q,g) is defined by

Qus =10l0g;4(Q)

Q usually represents aratio of quantities, where the denominator is the reference.
Characters are added to the "dB" to denote the reference quantity. For example:

P
- Power referenced to 1 waitt: v = Py
. P
- Power referenced to 1 milliwett: S = Pygm (= Pgaw *30)

. . . G
- Antennagain referenced to an isotropic source: 1 = Gggi

Recall that the gain of an ideal isotropic sourceis 1. Thisnotation isnot usually used
because the definition of gain implies an isotropic reference. However, adipole’ sgain (=
1.5) issometimesis used as areference, and the notation is dBd.

Note: 1. 10 dB represents an order magnitude change in the quantity Q
2. the dB unit does not depend on the reference that is used to define it
3. when quantities are multiplied their dB values add:

ERP sy = (PG)gw = Peew + Gas
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Zay x

X y z
r | cosf snf O
f | -snf cosf O
Z 0] 0 1

Rectangular and cylindrical

Za o) X

X y Z
r | Iangcosf sngsnf  cosq
(i cosqcosf  cosgsnf - sSng
f - anf cosf 0

Rectangular and spherical

x ZaY x

r f Z
r | sna 0 cosa
g | cosd 0O -s3ng
f 0 1 0

Cylindrical and spherical

Example: from top table, reading across,
r = Xcosf +ysnf

and reading down,
%= cosf - f sinf

The tables also can be used to transform
vectors. The unit vectorsin the table
headings are replaced by the corresponding
vector components. For example, given

A=AR+AT+AZ

In cartesian coordinates, the vector can be
expressed in cylindrical coordinates as

A = Accosf + Ajanf +A,>0
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Coordinate Systems

f :tan-lago
éxﬂ
g =tan 1 O
ézﬂ

®
ds, =fsnqgdq df

Direction cosines are the projections of
points on the unit sphere onto the xy
plane. They arethex,y, and z

—> components of f:

u =dnq cosf
v =d9nqg anf
W = C0sq
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Radar and ECM Freguency Bands

Standard Radar Bands' ECM Bands?

Band Frequency Band Frequency
Designation® Range (MHz) Designation Range (MHz)
HF 3-30 Alpha 0-250
VHF* 30-300 Bravo 250-600
UHF#* 300-1,000 Charlie 500-1,000
L 1,000-2,000 Delta 1,000-2,000
S 2,000-4,000 Echo 2,000-3,000
C 4,000-8,000 Foxtrot 3.000-4,000
X 8,000-12,000 Golf 4,000-6,000
K, 12,000-18,000 Hotel 6,000-8,000
K 18,000-27,000 India 8,000-10,000
K, 27.000-40,000 Jullett 10,000-20,000
millimeter® 40,000-300,000 Kilo 20,000-40,000

Lima 40,000-60,000
Mike 60,000-100,000

| From IEEE Standard 521-1976, November 30 1976.

2 From AFR 55-44 (AR105-96, OPNAVINST 3420.98, MCO 3430.1). October 27, 1964.

3 British usage In the past has corresponded generally but not exactly to the letter-designated bands.

4 The following approximate lower frequency ranges are sometimes given letter designations: P-band
(225-390 MHz), G-band (150-225 MHz), and I-band (100-150 MHz).

5 The following approximate higher frequency ranges are sometimes given letter designations: Q-band
(36-46 GHz). V-band (46-56 GHz). and W-band (56-100 GHz).
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Electromagnetic Spectrum

WAVELENGTH 6 4 2 0 _ 16
(METERS) 110 1.0 ‘Il 0 110 10
TELEPHONE RADIO MICRO- HFRA ULTRA-
VOICE ? WAVES g WAVE RED l' i X-RA 'j GAMMA-RAY 3
| L] I I ] T
FREQUENCY 1 3 5 7 g o5
(HERTZ) 10 10 10 10 10 ”10 10 10
- J n . =
_ =7 vismiE "l "t TS o
_ - ur.m \* -~ "
- \
FREQUENCY 10 - Y 10 e
it _w
WAVELENGTH 10] E I
,.#‘“"f VISIBLE T
l LIGHT 5

= BLUE & VIOLET E

WAVELENGTH 07x10% 08x10° 05x10°8 04x10°®
(METERS) (0.7 wm) (0.8 um) (0.5 pm) (0.4 um)
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